A challenge facing many local jurisdictions across the country is finding ways to connect Storm Water Management Programs (SWMPs) required by NPDES permits with TMDLs intended to address water quality problems. A "bottom up" approach towards TMDL development is one way to establish a meaningful, value-added framework which links water quality concerns to proposed solutions. Information on Best Management Practices (BMPs) related to both source control and delivery reduction methods can be incorporated into TMDL allocations. Management measure information considered in TMDL allocations can then complement benchmarks that guide implementation efforts.
Basic hydrology presented in the form of duration curves supports a "bottom up" approach and offers opportunities for enhanced pollutant source targeting. Duration curves add value to the TMDL process by characterizing water quality concerns in terms of flow conditions, linking these concerns to key watershed processes, prioritizing source assessment efforts, and identifying potential solutions. Federal regulations identify a set of minimum control measures to be included in SWMPs for municipal separate storm sewer systems (MS4), which are intended to reduce pollutant loads to the "maximum extent practicable" (MEP) and often directly support or advance TMDL water quality objectives. A number of these control measures are typically most effective in achieving intended benefits under specific flow conditions, depending on watershed characteristics.
For example, water quality concerns experienced during low flow conditions in urban watersheds might involve eliminating illicit connections under an MS4 storm water program. Similarly, sediment problems observed during mid-range and moist conditions might be best addressed through construction site BMPs. Finally, water quality concerns associated with stream bank erosion under high flow conditions might involve post development BMPs intended to address channel protection. The natural linkage between basic hydrology and storm water makes the duration curve framework a potentially useful tool in targeting appropriate BMPs and in guiding implementation of SWMPs. Because duration curves are also used to support TMDL development, the framework is wellsuited for connecting water quality-based control efforts with SWMPs.
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INTRODUCTION
A strength of the total maximum daily load (TMDL) program is its ability to support development of information-based, water quality management strategies. If done properly, a TMDL "can inform, empower, and energize citizens, local communities, and States to improve water quality at the local, watershed level. The basic information derived from a sound TMDL could liberate the creative energies of those most likely to benefit from reduced pollutant loadings to their own waters" (Mehan, November 2001) . Dependable tools are needed to promote effective communication between TMDL developers and implementers, so that actions will lead to measurable water quality improvements.
With the large number of TMDLs to be completed, limited resources by all involved with watershed management, and the complex, inter-related nature of water programs -the "two Ps": practical approaches and partnerships -are critical to success. Public involvement is fundamental to successful TMDL development and implementation. The same resource dilemma challenges storm water program managers. Key stakeholders in the watershed must be engaged in order to achieve meaningful results in both arenas.
Impaired waters identified on State §303(d) lists across the country include a number of segments associated with storm water, particularly in urbanized areas. Storm water is a water quality concern for several reasons. Included are high pollutant concentrations found in storm water discharges, as well as the potential physically damaging effects of excess runoff from impervious surfaces to stream systems. Efforts by local jurisdictions to address storm water recognize the critical importance of basic hydrology to planning and implementing meaningful solutions.
Duration curves offer opportunities for enhanced pollutant source and BMP targeting, both in TMDL development and in water quality restoration efforts. Duration curves also add value to the TMDL process by characterizing water quality concerns in terms of basic hydrologic concepts (including flow conditions), prioritizing source assessment efforts, and identifying potential solutions.
Duration curve analysis identifies intervals, which can be used as a general indicator of hydrologic condition (i.e., wet versus dry and to what degree). This indicator, when combined with other basic elements of watershed planning, can help point problem solution discussions towards relevant watershed processes, important contributing areas, and key delivery mechanisms. These are all major considerations when identifying those controls that might be most appropriate under specific conditions. Duration curves also provide a context for evaluating both monitoring data and modeling information, as well as identifying data needs where adaptive management is being considered or utilized.
"BOTTOM UP" APPROACHES
A key to success of the TMDL program, when engaging the public, is building linkages with other programs. Many successful efforts to develop TMDLs have involved local agencies and watershed groups in data collection, analysis, and implementation efforts. A "bottom up" approach capitalizes on the networks of programs and authorities across jurisdictional lines. Information on management measures, related to both source control and delivery reduction methods, can be incorporated into TMDL allocations. Management measure information considered in TMDL allocations can then complement benchmarks that guide implementation efforts.
Watershed analysis employs a "bottom up" approach to establish a meaningful, valueadded framework linking water quality concerns to proposed solutions (Figure 1 ). The "top down" portion of the diagram identifies aquatic resources and the beneficial uses dependent on water quality. Goals are established and conditions measured through a set of key indicators. The "bottom up" portion begins with watershed processes and disturbance activities that influence source inputs. Watershed analysis looks at the dynamics between processes and disturbances, and the effect on those same key indicators used to assess water quality. A key part of the analysis is identifying hazard areas, delivery mechanisms, and sensitive aquatic resource locations. Watershed Analysis --"Top Down" versus "Bottom Up" Perspectives TMDL development using a "bottom up" approach considers the interaction between watershed processes (notably hydrology, vegetation, and erosion), disturbance activities, and methods to reduce pollutant loadings (e.g., source inputs) through implementation of BMPs. The approach might be likened to "listening" to what the data from the "bottom" are saying about the watershed. Using duration curve analyses, the "bottom up" approach considers the unique hydrologic and water quality behavior of a watershed to help focus stakeholders on the most significant sources of pollution. The advantages gained by translating the data into information are that stakeholders can use the information to develop implementation programs that lead to action and measurable water quality improvements.
Storm Water Management Programs
The Clean Water Act (CWA), through its 1987 amendments, established programs to address municipal storm water. The CWA provides a framework for administration of municipal separate storm sewer systems (MS4) through the National Pollutant Discharge Elimination System (NPDES) program. The focus of MS4 Storm Water Management Programs (SWMPs) is the use of available methods and technologies to the "maximum extent practicable" (MEP) to ensure appropriate storm water discharge quality.
Specifically, NPDES permits for smaller MS4 communities (referred to as "Phase 2") require development of SWMPs, which address six minimum management measures. These measures include:
√ Education and outreach √ Public involvement √ Illicit discharge detection and elimination √ Construction site erosion control √ Post-construction storm water management √ Pollution prevention / good housekeeping These minimum measures provide the foundation for a "bottom up" approach to developing TMDLs intended to address water quality concerns associated with storm water. The minimum measures include a framework for identifying appropriate BMPs and evaluating their effectiveness.
The discussion that follows provides a brief overview of the duration curve analysis approach. Highlights on the use of load duration curves to assess water quality are provided. The paper then focuses on Storm Water Management Programs, describing several examples of the utility of duration curve analysis to enhance pollutant source and BMP targeting. The discussion continues by expanding on each SWMP minimum measure and potential connections to "bottom up" TMDL development through application of duration curve analyses. The paper concludes with the role of adaptive management relative to TMDL and SWMP implementation.
DURATION CURVE ANALYSIS
The concept of grouping water quality data based on flow conditions is not new. A duration curve framework simply provides a way to organize technical information. For many years, water resource planners have utilized stream flow data to support a variety of activities ranging from development of public water supplies to fisheries management and flood control. Stream flow conditions on any given day can be highly variable, depending on watershed characteristics and weather patterns. Due to the wide range of variability that can occur in stream flows, hydrologists have long been interested in knowing the percentage of days in a year when given flows occur.
Flow duration curves analyze the cumulative frequency of historic flow data over a specified period. A flow duration curve relates flow values to the percent of time those values have been met or exceeded. The use of "percent of time" provides a uniform scale ranging between 0 and 100. Thus, the full range of stream flows is considered. Low flows are exceeded a majority of the time, while floods are exceeded infrequently. A basic flow duration curve runs from high to low along the x-axis, as illustrated in Figure 2 . The x-axis represents the duration amount, or "percent of time", as in a cumulative frequency distribution. The y-axis represents the flow value (e.g., cubic feet per second) associated with that "percent of time" (or duration).
Flow duration curve development typically uses daily average discharge rates, which are sorted from the highest value to the lowest (Figure 2 ). Using this convention, flow duration intervals are expressed as a percentage, with zero corresponding to the highest stream discharge in the record (i.e., flood conditions) and 100 to the lowest (i.e., drought conditions). Thus, a flow duration interval of 60 associated with a stream discharge of 11 cubic feet per second (cfs) implies that 60 percent of all observed daily average stream discharge values equal or exceed 11 cfs.
Duration curve analysis identifies intervals, which can be used as a general indicator of hydrologic condition (i.e., wet versus dry and to what degree). Flow duration curve intervals can be grouped into several broad categories or zones. These zones provide additional insight about conditions and patterns associated with the impairment. A common way to look at the duration curve is by dividing it into five zones, as illustrated in Figure 2 : one representing high flows (0-10%), another for moist conditions (10-40%), one covering mid-range flows (40-60%), another for dry conditions (60-90%) , and one representing low flows (90-100%) . This particular approach places the midpoints of the moist, mid-range, and dry zones at the 25 th , 50 th , and 75 th percentiles respectively (i.e., the quartiles). The high zone is centered at the 5 th percentile, while the low zone is centered at the 95 th percentile. Other schemes can be used depending on local hydrology and the water quality issues addressed by assessment efforts. 
Using Duration Curves to Assess Water Quality
Ambient water quality data, taken with some measure or estimate of flow at the time of sampling, can be used to compute an instantaneous load. Using the relative percent exceedance from the flow duration curve that corresponds to the stream discharge at the time the water quality sample was taken, the computed load can be plotted in a duration curve format (Figure 3 ).
By displaying instantaneous loads calculated from ambient water quality data and the flow associated with the sample (expressed as a flow duration curve interval), a pattern develops. This pattern describes the characteristics of the water quality impairment. Loads that plot above the curve indicate an exceedance of the water quality criterion or target, while those below the load duration curve show compliance.
The utility of duration curve zones for pattern analysis can be further enhanced to characterize wet-weather concerns. Some measure or estimate of flow is available to develop the duration curves. As a result, stream discharge measurements on days preceding collection of the ambient water quality sample may also be examined. This concept is illustrated in Figure 3 by comparing the flow on the day the sample was collected with the flow on the preceding day. Any one-day increase in flow (above some designated minimum threshold) is assumed to be the result of a storm event (unless the stream is regulated by an upstream reservoir). Hydrograph separation can also be used to estimate the percent of total flow that is associated with storm flow. In Figure 3 , samples that may be affected by storm events are identified with a shaded diamond. 
STORM WATER MANAGEMENT PROGRAM IMPLEMENTATION
One of the most challenging tasks in SWMP implementation, with respect to TMDLs, is determining relative pollutant contributions, particularly from MS4 areas. Considered in combination with other factors in the watershed, duration curve analysis can help identify the significance of those sources more evident at low flows (e.g., illicit connections), and those sources more apparent at higher flows (e.g., construction site runoff or runoff from impervious surfaces).
For sources from MS4 jurisdictions and regulated by NPDES municipal storm water permits, duration curves can assist in several aspects of the SWMP. For a given watershed, duration curves can indicate which storm water program elements would be most effective in addressing water quality impairments. The extended use of monitoring information and the alternative way to present TMDLs using duration curves offers an opportunity for enhanced targeting, both in field investigation efforts and implementation planning. In addition, once a jurisdiction is implementing the SWMP elements, the duration curve framework can help evaluate program effectiveness. In particular, duration curves can add value to SWMP implementation by identifying:
• targeted participants (e.g., local health districts and homeowners);
• targeted areas (e.g., post development structural BMPs); • targeted programs (e.g., riparian protection ordinances); and • targeted activities (e.g., construction site erosion control).
Targeted Participants. The duration curve framework is useful in targeting participants needed for effective implementation. Figure 4 represents the first of several examples to illustrate the use of duration curves. The first example demonstrates the use of the duration curve framework as a communication tool to inform the public and potential stakeholders, as well as a source assessment tool in TMDL and SWMP implementation.
The target curve in Figure 4 is derived using flow duration intervals that correspond to stream discharge values and the applicable numeric criteria for E. Coli. The area circled on the right side of the duration curve represents those flow conditions where the target is exceeded. In this example, the effect of failing septic systems on local waters through direct connections to roadside ditches in an MS4 system is more pronounced at low flows. Duration curves support a "bottom up" approach towards TMDL development and restoration efforts by suggesting types of sources and consequent targeted participants in source correction. In the case of Figure 4 , health districts who regulate septic systems and local homeowners who may have failing systems are targeted.
Water quality concerns experienced during low flow conditions might also involve detecting illicit discharge connections under a jurisdiction's MS4 storm water program. Illicit discharges entering the MS4 through either direct connections (e.g., wastewater piping connected to storm drains) or indirect connections (e.g., infiltration into the MS4 from cracked sanitary systems) could result in a similar pattern of higher adverse effect on local waters at low flows.
Figure 4. Duration Curve as General Indicator of Low Flow Water Quality Concerns
Targeted Areas. Duration curves also aide in targeting areas in most need of protection or restoration. Figure 5 illustrates an example where watershed processes that occur under high flow conditions are causing bank erosion problems. Water quality improvement efforts might target areas that involve bank stabilization and / or post development BMPs intended to reduce peak flows to protect the channel.
In this urban watershed example, bioassessment information has documented situations where channel changes have led to conditions that no longer support healthy macroinvertebrate communities. Follow-up investigations often suggest that these impairments are caused by an imbalance of water flow and sediment. This imbalance can be evidenced by channel incision and enlargement resulting from the increased magnitude and duration of peak flows following storm events.
Storm water management programs targeted towards restoring an appropriate balance of water flow and sediment loading may have the greatest potential for successful watershed restoration. In the case of Figure 5 , a major part of a SWMP might prioritize the control of storm water volume and peak discharge rates. Establishing appropriate construction and / or post-construction runoff controls are important ways to control the volume and quality of water reaching local creeks. Highlighting Low Impact Development (LID) techniques or well planned post-development structural BMPs could also play a key role in solving local water quality problems. Targeted Programs. Figure 6 illustrates the added value duration curves can provide by highlighting potential contributing areas, which can aide decision makers in identifying programs to address problems. As seen in this example, the target is met when the duration curve interval is above 50 (generally low flow and dry conditions). Problems start to develop under mid-range and moist conditions, as indicated by the circled area.
Watershed conditions, land use, and proximity of source areas to streams are typically considered when evaluating the best options to address water quality problems associated with storm water. For this particular watershed (Figure 6 ), the increased load may be the result of pollutant delivery associated with rainfall and runoff from riparian areas. Runoff from impervious areas directly connected to streams or ditches could also contribute flow and pollutants in response to light rain, exhibiting a pattern similar to Figure 6 .
In some instances, identifying targeted programs, namely those focused on reducing the delivery of pollutants to stream systems may be a key part of effective solutions. Critical area ordinances are a potential set of management measures, which could address water quality concerns under these flow conditions. Land use decisions are often involved in riparian management issues. Duration curves can be used as a communication tool, which helps support a "bottom up" approach to TMDL development, SWMP implementation, and water quality restoration. Targeted Activities. Figure 7 shows a situation where suspended sediment is the pollutant of concern. In this example, observed values exceed the target more frequently at high to mid-range flows (e.g., curve intervals that are exceeded 65 percent of the time). In addition, the highest values also tend to be associated with surface runoff events that can lead to soil erosion (indicated by the "red shaded" diamonds in Figure 7 ).
Runoff following rain events can be one of the most significant transport mechanisms of sediment and other nonpoint source pollutants. This is of particular concern where there are activities that disturb land surfaces, such as construction site operations. Duration curves can highlight source areas where activities such as construction site BMPs may need to be implemented.
Figure 7. Duration Curve as a General Indicator of Surface Erosion Concerns

EDUCATION AND OUTREACH
The "Education and Outreach" measure recognizes that an informed community is crucial to the success of a SWMP. Education helps ensure greater support as the public gains understanding of the importance of storm water management. Education includes distribution of materials about the effects of storm water on local waterbodies and actions needed to reduce storm water pollution. Similarly, TMDL development from the "bottom up" places an emphasis on building a problem solving framework. A problem solving focus provides a natural connection to "Education and Outreach" efforts.
Problem Solving Framework
Practical approaches and partnerships are critical to successful "bottom up" watershed planning and implementation. On the practical side, a "bottom up" approach must overcome the challenge of translating detailed technical concepts and information into "plain English" (a key part of education). On the partnership side, the public must be engaged in the process, so that meaningful results with measurable improvements are achieved.
A problem solving framework, constructed around a set of fundamental questions, can educate the public about the nature of storm water concerns; can focus development of practical approaches to address problems; and can encourage participation among key partners. The following set of questions uses a "bottom up" approach to address water quality problems:
√ WHY the concern? √ WHAT target conditions are needed? √ WHERE are the sources? √ WHO needs to be involved? √ WHEN will actions occur?
These simple, practical questions can be used to keep storm water assessment efforts connected with TMDL implementation activities, and help support "Education and Outreach" work.
A number of MS4 communities collect ambient monitoring data as part of their overall water quality management program. The data are often used to educate the public about the condition of local watersheds. This information can be especially useful to open a "WHY the concern" dialogue. Methods to communicate this technical information are an important part of the problem solving process.
Communicating Technical Information
The duration curve framework offers a distinct advantage, as a simple communication tool, to help answer a broad range of basic questions. This benefit includes not only TMDL development, but also water quality assessment efforts (enhanced description of concerns using available data), and implementation planning (focus on meaningful solutions through understanding key watershed processes that deliver pollutants).
The duration curve framework adds the dimension of connecting specific activities within the SWMP to actual watershed data. It is important that the public understand the relationship between proposed actions and documented water quality concerns. Figure 8 briefly highlights the added value that the use of duration curves can provide to storm water "Education and Outreach" activities called for under the NPDES program. Figure 8 illustrates a watershed where sediment is causing impairments to resident trout populations. This load duration curve was developed to look at several issues. The first was to better characterize conditions surrounding water quality problems (i.e., "WHY the concern?"). The second involved identifying the relative importance of various sources in light of the timing of sediment concerns (i.e., "WHERE are the sources?"). The third focused on considering the type of management practices (BMPs) that would be most effective in addressing identified problems (i.e., "WHO needs to be involved?").
Duration curves are a very useful tool to characterize concerns and to describe patterns associated with impairments. The use of duration curve zones (e.g., high, moist, etc.) provides a method to communicate technical information in a way that easily conveys conditions associated with problems. The results of the quick duration curve analysis shown in Figure 8 indicate that practices that target delivery reduction (riparian buffers) and source control (site erosion control, post development BMPs) under high to midrange flow conditions appear to offer the greatest benefit.
Figure 8. Example Load Duration Curve
Documenting Results
An important part of "Education and Outreach" efforts is to convey to the public that activities conducted under the SWMP actually result in environmental benefits. Stakeholders need to see the "return on their investment" in terms of documented water quality improvements; a key part of the problem solving process. Figure 9 illustrates an example of how the duration curve framework can document results.
Ambient water quality at this particular location has been monitored for a number of years. Municipalities in the upper watershed implemented Combined Sewer Overflow (CSO) controls and an illicit discharge detection and elimination program. Based on the water quality information, significant reductions in bacteria loads observed in the river have occurred over the past ten years. These improvements are reflected using a duration curve framework, particularly in the moist, mid-range, and dry zones.
Data presented using a duration curve framework can help "Education and Outreach" efforts under a storm water management program in several ways. First, it can highlight accomplishments by connecting actual water quality data with actions targeted towards conditions when problems occurred. Second, the duration curve framework can help focus additional implementation efforts towards those flow conditions, which still need additional source controls to address remaining problems.
Figure 9. Documenting Success Using Duration Curve Framework
PUBLIC INVOLVEMENT
The "Public Involvement" measure recognizes the valuable input and assistance that citizens can provide in establishing an effective SWMP. An active and involved community is crucial to a successful SWMP because it enables broader public support and helps focus on the water quality issues of greatest concern. Citizens who participate in the development and decision making process are partially responsible for the program and more likely to take an active role in its implementation.
Citizens involved in the storm water management program development process provide important cross-connections and relationships with other community and government programs. These outcomes mirror the value of public involvement to the TMDL program. Key stakeholders in the watershed must be engaged in order to achieve meaningful and lasting results.
Engaging Stakeholders
Public understanding of water quality problems helps engage people in correcting them. The duration curve framework provides another perspective on water quality data and stream behavior, which characterizes concerns and illustrates patterns associated with impairments. The framework can help people understand how implementation measures can be suggested by the data. The framework can also elevate the importance of monitoring information, engaging stakeholders in a way that can broaden and inform public involvement efforts.
Opportunities exist to strengthen overall water quality management efforts through effective integration of TMDL development and SWMP implementation. A common challenge faced by TMDL practitioners is explaining how allocations translate into storm water management program actions. Table 1 illustrates one way to utilize a "bottom up" approach to connect TMDL information with SWMP implementation. This TMDL, developed for sediment, contains key components including allocations and a "margin of safety" expressed as "daily loads" (consistent with EPA regulations and guidance).
In this example, simultaneous development of the TMDL and SWMP can proactively encourage and focus public involvement. In addition to the TMDL, a long-term average target is identified in Table 1 . The long-term target serves as a benchmark intended to evaluate progress of the SWMP towards meeting water quality goals. The benchmark provides a point of reference against which the overall performance of storm water management control strategies is measured, while the TMDL serves as the upper range needed to achieve the applicable water quality standards. 
SWMP Implementation Opportunities
Illicit Connections
Notes: 1. Expressed as a "daily load"; represents the upper range of conditions needed to attain and maintain applicable water quality standards 2. Based on annual average target identified as a benchmark in the Storm Water Management Plan 3. Developed using long-term fixed station ambient water quality monitoring data collected by the MS4
The summary framework presented in Table 1 provides the groundwork for the transition from the TMDL to storm water management program implementation efforts. Reduction estimates can be developed for each duration curve zone benchmark. These estimates serve to guide problem solving discussions regarding appropriate management strategies (based on knowledge associated with likely sources, delivery mechanisms, and available control measures). Each range of flow conditions in Table 1 highlights implementation measures that correspond to the most effective control options for those flow ranges. Figure 10 further illustrates the utility of the duration curve framework in connecting the TMDL to benchmarks (both curves can be displayed on the same graph). Using actual monitoring data, critical conditions under which the TMDL is exceeded can be identified (in the M.F. LeBuche River, TMDL exceedances occur under high flows and moist conditions). The combined information supports public involvement discussions and subsequent SWMP efforts to target appropriate source areas, delivery mechanisms, and water quality management control strategies to address short term problems. Similarly, average values within each zone can be calculated and compared to the long term average benchmark curve. In the case of the M.F. LeBuche TMDL, benchmarks are exceeded under high flows, moist conditions, and mid-range flows. Again, as an assessment and communication tool, duration curves can help narrow potential debates, and inform the public so they become engaged in the process. 
ILLICIT DISCHARGE DETECTION AND ELIMINATION
A significant portion of dry weather flows to MS4 systems can be from illicit discharges, entering the system through either direct connections (e.g., wastewater piping connected to storm drains) or indirect connections (e.g., infiltration into the MS4 from cracked sanitary systems, spills collected by drain outlets). The result is untreated discharges that contribute high levels of pollutants, including heavy metals, toxics, nutrients, and bacteria to receiving waters. Because of these concerns, an illicit discharge detection and elimination (IDDE) program is a required part of an MS4 SWMP.
Assessing Program Effectiveness
The "MS4 Program Evaluation Guidance" (EPA 2007 ) contains information to help evaluate implementation of SWMPs in reducing discharges to MEP. The guidance recognizes the need to examine both direct measures (e.g., water quality indicators) and indirect measures (e.g., improved compliance rates resulting from inspections) of program effectiveness. This is supported by work in California (CASQA, 2005) that identifies six levels of storm water management program outcomes, which can be used to determine the effectiveness and success of a SWMP. In general, CASQA maintains that "implementation outcomes" (e.g., compliance with activity-based requirements, changes in attitudes, behavioral change and BMP implementation) are typically easier to measure than the more complex "water quality outcomes" (e.g., pollutant load reductions, changes in urban runoff quality, changes in receiving water quality).
Activities conducted as part of IDDE include mapping of outfalls and drainage areas, and prioritizing in order of their potential to be a source of illicit discharges. Field screening of outfalls during dry weather is a key part of efforts to identify illicit discharges in priority areas. A "bottom up" approach using duration curves provides one way to utilize ambient data to measure IDDE program effectiveness at achieving "water quality outcomes".
The following example is used to illustrate the potential utility of the duration curve framework to evaluate an IDDE program. One form of illicit discharge is failing on-site sewage systems that contribute contaminants to ditches and storm sewers within an MS4 jurisdiction. In the example shown in Figure 11 , a local health district conducted weekly water quality monitoring for E. Coli during the recreation season (April -October). In one watershed, the presence of failing on-site sewage systems had been well documented.
The problem area was placed on a municipal sewer system and monitoring was continued for several years. Based on the water quality monitoring data, significant reductions in bacteria loads were observed under flow conditions expected to have the greatest benefit from a successful IDDE program. This "bottom up" approach using duration curves connects ambient water quality information with effectiveness evaluations in an easy to understand, meaningful format.
Figure 11. IDDE Effectiveness using Duration Curve Framework
CONSTRUCTION SITE EROSION CONTROL
Runoff from construction sites often contains sediment that flows to MS4s and is ultimately discharged into local rivers and streams. Without proper controls, construction sites can contribute large volumes of sediment to streams in relatively short periods of time. Under the NPDES program, MS4 communities must implement a storm water management program that includes erosion and sediment controls on construction sites.
Connecting to Implementation
The "bottom up" approach using duration curves is useful to measure the effectiveness of a construction site erosion control program focused on direct "water quality outcomes". Figure 12 is an example where the county adopted a comprehensive erosion control and storm water management ordinance. The ordinance includes county-wide standards to address the quality and quantity of water that runs off construction sites. These standards address erosion and sediment control, as well as post-construction controls.
The county's ordinance requires an erosion control permit for projects over a certain size, with standards that limit the total off-site soil loss for exposed areas. For permitted projects, the county requires development of a storm water management plan. The plan includes drainage and site maps showing erosion control and storm water practices, as well as a maintenance plan for permanent storm water management BMPs. This storm water management plan is required to meet defined performance standards.
The county administers the ordinance in unincorporated areas, as well as in cities and villages that do not adopt or administer standards that are at least as restrictive. The county conducts regular audits to ensure effective program implementation. Routine ambient water quality monitoring has been conducted on several streams in the county over a period that covers both pre-and post-implementation of the erosion control program.
As seen in Figure 12 , significant reductions in suspended sediment have been observed in the high, moist, and mid-range zones. This corresponds to conditions when the erosion control program is expected to be most effective. Water quality improvements were also observed under dry conditions, when light rains on exposed construction sites could also potentially deliver sediment to local streams. This provides another example where a "bottom up" hydrology-based framework can be used to balance "implementation outcomes" with "water quality outcomes" in assessing storm water management program effectiveness.
Figure 12. Erosion Control Effectiveness using Duration Curve Framework
POST-CONSTRUCTION STORM WATER MANAGEMENT
Post-construction storm water management in areas undergoing new development or redevelopment is needed for several reasons. New development or redevelopment may cause an increase in the type and quantity of pollutants in storm water runoff. As runoff flows over areas altered by development, harmful sediment and chemicals such as pathogens, oil and grease, pesticides, heavy metals, and nutrients may be delivered to receiving waters.
There may also be an increase in the quantity of water delivered that could result in degraded stream conditions. Increased impervious surfaces (e.g., parking lots, driveways, and rooftops) interrupt the natural cycle of gradual percolation of water through vegetation and soil. Instead, water is collected from surfaces such as asphalt and concrete, then routed to drainage systems where large volumes of runoff quickly flow to the nearest receiving water. The effect of this process can include streambank scouring, gullying of swales, and downstream flooding.
Use of Surrogate Measures
An advantage of the TMDL process is the ability to consider the role of multiple stressors that may contribute to water quality problems. In urban areas with problems associated with storm water, designating a single stressor is often difficult with available information. However, assessment information typically indicates that storm water (specifically components related to hydrologic modification, water quality, and sediment discharge) can be the most significant contributor to observed biological impairments. In MS4 areas where these situations exist, meaningful solutions generally involve implementation of post-construction storm water management practices, retrofits, or low impact development.
A "bottom up" approach based on hydrology enables key pieces to be connected through linkage analyses, which describe logic used to identify relationships between indicators and targets. Figure 13 illustrates an example where existing information suggests that biological impairment is most likely caused by out of balance water flow and sediment dynamics. Hydrology is a major driver for both upland and stream channel erosion. Consequently, control of high water flows will also achieve reductions in delivery and transport of sediment ( Figure 13) . A SWMP targeted toward restoring an appropriate balance of water flow and sediment loading has the greatest potential for success.
Figure 13. Relationship of Biological Impairment to Surrogate Measures
In the case of Figure 13 , evidence suggests that degraded habitat and increased sedimentation are the highest concerns (based on channel substrate composition data). Sediment delivery from major erosion processes (bank, gully, surface) occurs under high flow conditions, as evidenced through a duration curve analysis of suspended sediment concentrations (SSC) data. Analysis of rating curves shows a positive correlation between flow and suspended sediment (e.g., a reduction in higher flows results in a reduction in SSC). Examination of physical processes behind sediment delivery and transport (e.g., shear stress, velocity, stream power, particle size) indicate that a reduction in high flows will lead to a reduction in sediment. As discharge decreases, the corresponding decrease is likely to be exponential because multiple sources of sediment are linked to storm water volume (e.g., bank erosion, gully erosion, surface erosion, lower resistance of channel substrate to sediment transport).
The effect of urbanization on stream hydrology has been studied for years. Urbanization tends to result in more impermeable area. Higher amounts of impervious cover, in turn, increase the volume of surface runoff to local streams. Flow duration curves can be used to illustrate this effect. Leopold (1994) described a small watershed in the Washington, DC area, Watts Branch, which experienced a tremendous growth in housing and accompanying infrastructure (from 140 houses in 1950 to 2,060 in 1984) . Figure 14 depicts the change in the flow duration curve for this watershed. For instance, at a flow duration interval of 0.27%, roughly equal to the 1-year (or 1/365) return period, there was more than a 60% increase in flow.
The relationship between the biological impairments and storm water volume provide a connection to post-development BMPs in a SWMP. Specifically, these BMPs are typically designed to address control of excess runoff. The linkage analysis described in Figure 13 provides a framework, which can be used to define performance targets that connect to water quality concerns. The linkage analysis also highlights potential indicators that could be used to evaluate progress under an adaptive management approach. 
POLLUTION PREVENTION / GOOD HOUSEKEEPING
This measure is intended to help ensure a reduction in the amount and type of pollution that collects on streets, parking lots, open spaces, and storage and vehicle maintenance areas, which could be discharged into local waters. The "Pollution Prevention / Good Housekeeping" measure is also intended to address pollution that results from actions such as environmentally damaging land development and flood management, or from poor maintenance of storm sewer systems.
A major focus of this management measure is maintenance, which encompasses a large variety of facilities and activities necessary to operate the infrastructure (including streets, facilities, and storm drain system). This maintenance is typically designed to provide a certain level of service, address the aesthetics of public areas, ensure public safety, maintain public infrastructure, and provide flood management. Common "good housekeeping" activities include: infrastructure mapping and characterization; public streets operation / maintenance; flood management; public facilities operation / maintenance; pesticide, herbicide, and fertilizer application and management; and training / education. Controls associated with this measure also include programs that promote recycling (to reduce litter), minimize pesticide use, ensure proper disposal of animal wastes, provide for regular street sweeping, or address application of de-icing material to local roadways and parking lots.
Management Program Planning
Water quality concerns associated with winter maintenance activities to prevent ice and snow bonding to roadways provides another example, which illustrates the utility of a "bottom up" approach using duration curves and ambient water quality monitoring data. Salts associated with road de-icing (in particular, chloride) can harm both vegetation and aquatic ecosystems. In this example watershed (Figure 15 ), a duration curve framework was used to look at seasonal differences in chloride loads. The analysis was prepared in conjunction with a TMDL being developed to address aquatic life impairments associated with elevated chloride levels. Winter road de-icing was identified as one of the primary sources of chloride within the watershed.
As shown in Figure 15 , chloride levels are consistently elevated in the winter across all duration curve zones. This indicates that winter runoff is most likely driven by de-icing salt high in chloride. The information is being used to guide management program planning to reduce chloride use in the watershed. Strategies being considered include: product application equipment and decisions; product stockpiles; product type and quality; operator training; clean-up and snow stockpiling; and research into salt alternatives.
Figure 15. Pollution Prevention Effectiveness using Duration Curve Framework
ADAPTIVE MANAGEMENT
Adaptive management must be built into the water quality management process from the beginning. If a TMDL and storm water management program or design does not have a component that can incorporate mid-course corrections, uncertainty and differing views will hamper success (Poole, 2001) . Developing a policy that incorporates adaptive management can help resolve the problem.
Under adaptive management, a watershed plan should not be held up due to a lack of data and information for the "perfect solution". The process should use an iterative approach that continues while better data are collected, results analyzed, and the watershed plan enhanced. Thus, implementation can focus on a cumulative reduction in loadings under a plan that is flexible enough to allow for refinement, reflects the current state of knowledge about the system, and is able to incorporate new, innovative techniques. The duration curve framework provides a context for evaluating both monitoring data and modeling information. It offers another way to look at data where adaptive management is being considered or utilized. In addition, the overall framework allows for potential water quality trading options to be assessed. Rather than simply looking at suites of available BMPs, management practices can be related to comparable flow conditions for which they are most effective (thus potential trading "apples for oranges" scenarios are avoided).
In summary, adaptive management plays a key role in the implementation process for achieving load reductions. This is illustrated through the use of benchmarks. Using a value-added "bottom up" approach, TMDL and SWMP development occurs using the best available data. Progress towards achieving MS4 waste load allocations in a TMDL are regularly assessed through an iterative process using measurable milestones or benchmarks.
SUMMARY
A challenge facing many local jurisdictions across the country is finding ways to connect Storm Water Management Programs (SWMPs) required by NPDES permits with TMDLs intended to address water quality problems. A "bottom up" approach towards TMDL development is one way to establish a meaningful, value-added framework which links water quality concerns to proposed solutions. A "bottom up" approach takes advantage of networks of programs and authorities across jurisdictional lines. Information on Best Management Practices (BMPs) related to both source control and delivery reduction methods can be incorporated into TMDL allocations. Management measure information considered in TMDL allocations can then complement benchmarks that guide implementation efforts.
Impaired waters identified on State §303(d) lists across the country include a number of segments associated with storm water, particularly in urbanized areas. Federal regulations identify a set of minimum control measures to be included in SWMPs for municipal separate storm sewer systems (MS4), which are intended to reduce pollutant loads to the "maximum extent practicable" (MEP). These minimum measures provide the foundation for a "bottom up" approach to TMDLs intended to address water quality concerns associated with storm water. The minimum measures include a framework for identifying appropriate BMPs and evaluating their effectiveness.
Basic hydrology in the form of duration curves supports a "bottom up" approach and offers opportunities for enhanced pollutant source and BMP implementation targeting. Duration curves add value to the TMDL process by characterizing water quality concerns in terms of flow conditions, linking these concerns to key watershed processes, prioritizing source assessment efforts, and identifying potential solutions. The natural linkage between basic hydrology and storm water makes the duration curve framework a potentially useful tool in targeting appropriate BMPs and in guiding implementation of SWMPs. Because duration curves are also used to support TMDL development, the framework is well-suited for connecting water quality-based control efforts with SWMPs.
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